In this paper, the anatomically realistic body model Zubal is exposed to a plane wave. A finite-difference time-domain (FDTD) method is used to obtain field data for specific-absorption-rate (SAR) computation. It is investigated how the FDTD resolution, power-loss computation method and positioning of the material voxels in the FDTD grid affect the SAR results. The results enable one to estimate the effects due to certain fundamental choices made in the SAR simulation.
Introduction
Currently, an international exposure assessment standard IEC 62232 is being developed. This standard will include measurement and computation protocols to evaluate SAR (specific absorption rate). Also, it is required that the uncertainty of all the applied methods is known. Because the standard protocols/methods, such as simple SAR estimation formulas, will be mainly based on numerical SAR simulations, it is necessary to study the various uncertainties in SAR simulations. Namely, the obtained SAR results, of course, depend on the various choices that have been made in the simulation method and setup.
In general, these uncertainties need to be understood, because field and SAR simulations have an increasingly important role nowadays. It is very well known that the permittivity and conductivity data of tissues, which are used in the modeling, have considerable uncertainty. Furthermore, for example, in a finite-difference time-domain (FDTD) method the cell size affects the obtained SAR results (whole-body-averaged SAR, maximum of 10 g SAR). Also, the power-loss-density calculation method may have a substantial effect on SAR values.
FDTD is a popular method in SAR studies of heterogeneous body models. Adult and child phantoms were studied in Wang et al (2006) where it was concluded that the wholebody-averaged SAR may exceed the basic SAR limit under the reference level for children. However, the same paper reported a surprisingly large value for the necessary free-space thickness between the model and the uniaxial perfectly-matched-layer (PML) boundary. As a consequence, in Findlay and Dimbylow (2006b) it was reported that even a 2-cell free-space layer should be enough when using split-field PML in SAR analysis. Similar results were obtained in where the performance of convolutional PML was investigated. The effect of posture was studied in, e.g., Findlay and Dimbylow (2006a) , in which the SAR of a seated voxel model was studied in a wide frequency range. Because the dielectic values have a large uncertainty, it is necessary to study the effects of varying permittivity on SAR, as was done in, e.g., Keshvari et al (2006) . A chiral brain tissue model for SAR determination was proposed by Zamorano and Torres-Silva (2006) . In a very recent study by Dimbylow and Bolch (2007) , a set of pediatric phantoms was adapted to SAR calculation in a wide frequency range. It was observed that the ICNIRP reference level does not provide a conservative estimate of the whole-body-averaged SAR restriction for children younger than 8 years (this result is similar to that in Wang's paper). Also the effects of grid resolution on SAR were studied.
In this work, the Zubal voxel model (Zubal et al 1994) has been exposed to vertically polarized plane waves. Whole-body-averaged SAR (WBASAR) and 10 g SAR values have been calculated in various cases. Essentially, the effects of FDTD resolution (cell size) and power-loss computation methods have been investigated.
Methods
A parallel FDTD solver with the CPML absorbing boundary condition is used in the field computation (CPML: convolutional perfectly matched layer (Roden and Gedney 2000) ). The solver has been implemented using Fortran and MPI (message passing interface) libraries at TKK/Electromagnetics Laboratory. Setting up simulations and post processing is done using Matlab codes. Essentially, the post processing includes computation of power-loss-density distributions and SAR values.
In order to reduce the usage of computer memory, so-called packed coefficient tables are utilized. That is, 3D index tables (of integer type) are used instead of 3D float type coefficient tables. An integer number at an E-field point addresses which effective conductivity and permittivity value to use at that point in the Yee's FDTD mesh. This subject is discussed in Taflove and Hagness (2000, p 87) .
Tapered sinusoidal excitations have been used at selected point frequencies. The electrical properties of body tissues at these frequencies, conductivity and permittivity, have been obtained from the web page http://niremf.ifac.cnr.it/tissprop/ whose data are based on work by (Gabriel et al 1996a (Gabriel et al , 1996b (Gabriel et al , 1996c .
Positioning of material voxels
In this paper, the Zubal body model is situated in free space. The material voxels of Zubal are associated with E cells or with H cells in FDTD mesh. If using E cells (H cells), a material voxel is surrounded by 12 E-field (H-field) components. The fundamental choice between the E-cell method and the H-cell method affects the (packed) coefficient tables and the SAR-computation routines. The E-cell method is probably the usual choice in FDTD simulations. The less usual H-cell method is attractive because it produces a smaller number of material-interface combinations than using E cells. In other words, the H-cell method produces a smaller number of distinct index values into the 3D index tables. Thus, H cells suit better the idea of using packed coefficient tables, and in certain cases, with H cells one can save more memory than with the E-cell approach. ( 1 + 2 + 3 + 4 )
(1)
In the case of H cells, the effective and σ are obtained from
These coefficient values are used at the E-field points and are accessed via 3D index tables, i.e. an index at an E-field point addresses which value is taken from a coefficient vector. eff and σ eff data are needed during FDTD simulation and also when calculating loss power in post processing with the H-cell method. Clearly, with the E-cell method, the effective material parameters are calculated at the edges of the voxels. With the H-cell method, the effective parameters are calculated at the interfaces of adjacent voxels. Simple formulas (3) and (4) are based on an assumption that both normal flux densities, D n and J n , are continuous at a material interface. With lossy materials, this is actually true only if the ratio σ/ is continuous. If considering body tissues, it is beneficial that their and σ values correlate quite well. For example, in RF region, fat has low conductivity and also low permittivity. Finally, lossy sphere simulations have shown that E-cell and H-cell methods are equally good methods to obtain SAR values.
Power loss and SAR computation
Power-loss-density distributions and various SAR data are computed after the FDTD simulation in post processing. Local power-loss density inside a material voxel is
where σ is the conductivity of the material voxel andÊ 2 is the electric field amplitude squared. In this paper,Ê 2 distributions and consequent SAR values are computed using four different methods. The methods are labeled as E E 2 , E E 2 , H E 2 and H E 2 . First letter in the name of the method, 'E' or 'H', stands for the fundamental choice being made, i.e. are the material voxels in E cells or in H cells. Furthermore, symbol E 2 means that, first, a spatial average of each field component, E x , E y , E z , is taken within a voxel (at two time instants separated by T/4), and the squared amplitudeÊ 2 is computed thereafter using a so-called T/4 method (explained shortly). With the symbol E 2 , the order of operations is reversed. That is, first, necessary E 2 x , E 2 y , E 2 z amplitudes are calculated using the T/4 method, and the average values over a material voxel is taken thereafter, to obtain localÊ 2 amplitude. In general, E 2 methods give higher SAR values than E 2 methods. Originally, FDTD simulation produces time-domain field data. The needed field amplitudes are obtained in post processing using a so-called T/4 method, where T = 1/f is the period of the sinusoidal excitation signal. Assuming a steady state in a point-frequency simulation, the amplitudeÊ 0 of a field component can be obtained aŝ
where E = E(t) must be a sinusoidally varying field component. So, in practice, near the end of the FDTD simulation, one needs to store E-field data within the relevant volume at two instants of time whose difference is T/4. Of course, with FDTD t = n t where n is an integer and t is the time step.
Formally, E E 2 and H E 2 techniques can be expressed aŝ
where
E E 2 can be expressed aŝ
and H E 2 asÊ 2 = u=x,y,z 1 2
It should be clear that with an E-cell method 3×4 = 12 E-field components are used per voxel, because a voxel has 12 edges. With an H-cell method, 3 × 2 = 6 E-field components are used, because a voxel has six faces. Furthermore, considering the H cell of figure 1 (with σ 2 , 2 ), power-loss density is computed using the E-field values which are actually just inside this H cell. For example, due to the assumed continuity of normal electric flux density, the E-field value used by the left interface is eff E FDTD / 2 , where E FDTD is the field value produced by FDTD at the interface. SAR values are calculated with the mass-average method (Bit-Babik et al 2006) . For example, the whole-body averaged SAR is obtained from
where P loss is the total loss power in the body model and m body is the body mass. The 10 g SAR distributions are obtained as is recommended in (IEEE Std C95.3 2002, Annex E), although the so-called unused voxels (rare) are omitted. The fine tuning of the 10 g averaging cubes, in order to get cubes with mass exactly 10 g, is done as in Caputa et al (1999) .
Results and discussion
Plane-wave exposure was studied with the Zubal body model which has mass and height 81.65 kg and 1.753 m, respectively, and which has his arms down (i.e. not folded in the front). Anatomical resolution is 3.6 mm and the number of voxels associated with the body is 1634 836. The voxel data have 86 different tissue/material types, i.e. there is a quite large number of distinguished tissues or body organs (especially inside the head), which makes the model very useful in certain applications. In practice, in this work, the same , σ and tissue-density value was used for a set of tissues if these tissues were similar considering SAR analysis. For example, inside the head many tissues were treated as white matter, gray matter or cerebrospinal fluid. Zubal was exposed to a vertically polarized plane wave, 1 V m −1 rms, so that the model was looking at the incoming wave. WBASAR and 10 g SAR values were calculated in various cases. Essentially, the effects of FDTD resolution (cell size ) and power-loss computation methods were investigated. The anatomical resolution was kept constant (3.6 mm). However, the resolutions in FDTD simulations were = 3.6 mm and 1.8 mm. The 1.8 mm resolution model was obtained from the original voxel data by dividing each material voxel into eight new (identical) voxels.
Figures 2 and 3 show WBASAR and max(10 g SAR) results which were obtained using four different power-loss-density computation methods. Results are shown for two frequencies, 900 MHz and 1800 MHz, and for two resolutions, 3.6 mm and 1.8 mm. The percentage describes the maximum deviation of the results obtained via different methods. Clearly, this percentage is about halved, when the cell size is halved from 3.6 mm to 1.8 mm. In other words, a SAR result becomes less dependent on the power-loss computation method when FDTD resolution is increased.
It is seen in figures 2-4 that the SAR values are higher with E 2 methods. The reason for this is that, if we have a set of numbers
k (see also formulas (7)- (10)). Furthermore, the convergence of WBASAR seems to be better with the E 2 algorithms. Thus, in practical SAR assessment, E 2 methods may be more appropriate than E 2 methods. In figure 3 , it is seen that the max (10 g SAR) results depend very much on the method. One reason is that the location of the 10 g SAR maximum is around the fingers/hand where anatomical dimensions are relatively small. If studying 10 g SAR within a 'smoother region of the body', e.g. around stomach or chest, the result is less dependent on the method (figure 4). Furthermore, if comparing the max (10 g SAR) results at 900 MHz and 1800 MHz, it is noted, a bit surprisingly, that the results diverge more at the lower frequency 900 MHz. But actually, this is in line with our lossy sphere results which have shown that the method dependence of WBASAR is very high with small spheres . That is, it seems that if a body part or sphere is small in wavelengths, the fundamental choice between E-and H-cell methods has a considerable effect on the SAR value.
Conclusion
Plane-wave exposure of the Zubal phantom has been studied using FDTD. Whole-bodyaveraged SAR and 10 g SAR results have been obtained with two FDTD resolutions and using four different power-loss computation principles. The results enable one to estimate the effects due to certain fundamental choices made in SAR simulation. As can be expected, SAR results become less dependent on the power-loss computation method, when cell size in FDTD is decreased, i.e. resolution is increased. In practical SAR assessment, the E 2 methods may be more appropriate than the E 2 methods, because the obtained SAR values are higher (conservativeness principle). Also, the convergence of WBASAR seems to be better with the E 2 principle. The material voxels of body model can be positioned in E cells or in H cells. In general, this fundamental choice does not radically affect the SAR results. However, in body parts small compared to wavelength, the choice between E and H cells affects SAR more. Thus, for example, if max (10 g SAR) is obtained in hands/fingers, the max (10 g SAR) value can be very much affected by the chosen method.
